Currently 85% of the plasma facing components of ASDEX Upgrade are tungsten coated.
Introduction
With the decision of building ITER, magnetic confinement fusion research entered a new era. Although the optimization of the plasma performance is still the ultimate goal for an economic use of fusion power, other areas of research gain considerable importance. This is especially true for the plasma wall interaction since the extrapolation from present day devices towards ITER and beyond is largest. ITER [1] still follows a conservative approach using beryllium for the main chamber PFCs in order to minimise the risk of strong power loss through impurity radiation in the central plasma. In a reactor however, Be will not be a viable solution due to its high erosion yield and high-Z components may have to be used [2, 3] . This is the reason why a long term program was started in the divertor tokamak ASDEX Upgrade to implement tungsten PFCs and to explore their feasibility. The area of W-PFCs has been increased steadily since 1999 reaching a fraction of 85% for the 2005/2006 campaign. The technical solution chosen is of W coatings on graphite and CFC.
In the following section the rationales for and the tests of the different coatings are presented. Section 3 describes the evolution of the W concentrations with increasing W area of the PFCs and provides indications for a progressive transition towards a C free device. The recent W coating of all poloidal low field side guard and ICRF limiters clearly revealed their dominant role as W source, especially during operation of ICRF. This behaviour is adressed in more detail in Sec. 4. Although ASDEX Upgrade devotes a significant part of its program to W investigations, several experiments are performed, which intentionally use plasma parameters or/and heating scenarios which are only partially compatible with the W PFCs. This is the reason why boronisations are performed regularily. Their impact on the W influxes and concentrations will be described in 5. Finally, conclusions of the operation with W PFCs at ASDEX Upgrade are drawn and further developments as well as potential consequences for a future fusion device are outlined.
The road to an all W device
Tungsten has an electrical conductivity 200 times larger than the one of carbon based materials, which would lead to considerably higher load of the support structures due to eddy currents and halo currents if bulk tungsten tiles were used. These higher forces would make the transition from a device designed for C-based PFCs very costly and time consuming and therefore ASDEX Upgrade has chosen the coating solution. In preparatory experiments using markers [4] [5] [6] [7] , the erosion at different positions of the PFCs has been evaluated and the thickness and the technique of the coating was chosen accordingly [8, 9] . It turned out that thin coatings (d £ 10µm) could be reliably produced on graphite using physical vapour deposition (PVD) techniques. These thin coatings withstood power loads of more than 15 MWm¤ 2 up to melting conditions and showed very good adhesion when produced by plasma arc deposition [10] . They even survived thermal shocks using an ion beam with power loads above 30 MW/m¤ 2 for 0.3 s, which are expected at the dump regions of the neutral beam injection in case of failure of the primary protection circuits. W coatings on graphite (SGL Carbon R6710) were more reliable than on CFC (Dunlop DMS 704), which can be attributed to the very inhomogeneous surface characteristics and the strong mismatch of thermal expansion coefficients depending on the fibre orientation of the CFC.
Long term marker measurements at the strikepoint region of the lower divertor, which were performed in the last campaign, yielded a W erosion measured by Rutherford Back Scattering of about 0¥ 2µm per 3040 s of divertor plasma. However, SEM measurements reveal that on a microscopic scale even a complete erosion of the 0.5 µm marker can be found. To allow several campaigns with typically 5000 s of divertor plasma each, coatings clearly thicker than 5 µm are required. Since PVD coatings in the range of 10 µm were found to be prone to delamination [10] , vacuum plasma spray (VPS) coatings, similar to the ones used in the ASDEX Upgrade W divertor experiment [11] are foreseen for the strike point region. Therefore two graphites (SGL Carbon R6710 and Schunk FP479) were coated to a thickness of d ¦ 200µm. After initial problems and defects occurring at test tiles used at the low field side auxiliary limiters, reliable VPS coatings were independently developed by Plansee and Sulzer-Metco. They passed successfully thermal screening with power loads up to 23.5 MWm¤ 2 as well as cyclic loading at 10 MWm¤ 2 [12] .
Since 1999 ASDEX Upgrade is being steadily converted from a complete carbon device to one with an almost full W coverage [13] . The sequential procedure allowed integrating the construction work into the annual repair and upgrading works.
Simultaneously, the influence of certain PFCs on the plasma performance (for example operating with a C or a W divertor [14] ) and mixed material effects could be studied [6] . Fig.1 shows a view into the ASDEX Upgrade vacuum vessel. Currently all PFCs except the strikepoint area of the lower divertor, the horizontal frames of the ICRF antennae and some diagnostic tiles are W coated, representing a W area of nearly 36 m 2 or about 85% of all PFCs. The components which were coated most recently are all poloidal low field side (LFS) guard and ICRH limiters, the lower passive stabiliser loop and the roof baffle in the lower divertor as indicated in Fig. 1 . The stages of the W programme are reported in more detail in [15] .
As expected, the average W concentration (c W ), which is extracted from spectroscopic measurements (see for example [14] ), increased together with the W coverage of the in-vessel surfaces. However, since W transport is the main parameter determining the central W concentration [16, 17] , the source effect is easily obscured. A way to overcome this caveat is to concentrate on identical discharges with a rather high level of transport as presented in [14] . In this case an increase of ing number of measurements going from older to more recent discharges originates from the fact that c W above the detection level is found more often, but also that the diagnostics have been steadily improved and the detection limit could be lowered.
The data set shows an increase of the centre of gravity of c W up to around discharge #18200. Only during the present campaign a further increase of c W is found for the discharges with additional wave heating (green and red squares, see below). This is due to a strongly increased W source during ICRF heating, as will be described in the next section. The blue dataset is characterized by the additional condition of an auxiliary heating power (P aux ) above 7 MW, which represents an intermediate value at ASDEX Upgrade. The green symbols denote the further subset with more than 2 MW wave heating and finally the red ones represent discharges where in addition n e¨7 © 1 0 19 m¤ 3 (50-70% of the Greenwald density limit, depending on plasma current). For each of the different subsets the range of the observed concentrations narrows. Especially, the constraint on plasma density results in lower c W . Together with the techniques developed so far, namely central heating (preferentially ECRH) and ELM pace-making, c W can be kept in the range of 10¤ 5 .
Although the graphite PFCs are reduced to only 15% of the complete surface, carbon is still existent in the plasma discharges, which could influence the results on the operation with tungsten due to surface layers, edge cooling and W sputtering by impact of C ions. However, a survey of the W PFCs in the main chamber performed after the end of the 2005 campaign revealed that only minor amounts of C are existent in deposited layers. The absolute areal density of the whole layer is smaller than 8 © 1 0 22 at m¤ 2 . More details of this surface analysis are presented in [18] . The long term evolution of the C content in plasma discharges was evaluated by means of CXR and soft X-ray spectroscopy. The measurements show a reduction by a factor 2-3 of the typical initial values of c C ¦ 1 2% over the last few years. Modelling with a particle transport and migration code could reproduce this slow reduction process [19] . It reveals that the main ingredients are the strong main chamber recycling and the reduction of the carbon sputtering yield for thin C layers. Additionally, divertor carbon sources are important, contributing significantly to the core C content by leaking in the range of 10 19 C-atoms/s into the main chamber.
A surprising observation at first glance was the increase of the plasma density during the start-up phase of the plasma compared to the situation with mainly C PFCs.
Boronisations can reduce this effect temporarily, but the density quickly recovered after about 20 discharges. Spectroscopic investigations revealed that He plays a major role in this process, by supplying up to about 50% of the electron density during the early (limiter) phase of the discharge. The usual way of operating ASDEX Upgrade with graphite PFCs was to use a He glow discharge (HeGD) inbetween plasma discharges to deplete the D inventory in the PFCs and to reduce the amount of adsorbed impurities. The W surfaces exhibit a different storage and release characteristics and therefore lead to a higher He content in the plasma. This could be demonstrated clearly by reducing the frequency and duration of HeGD which immediately led to a reduction of He content and density at the beginning of the discharge [20] . Laboratory experiments are under way to reveal the nature of this different behaviour. First results show that the amount of He, which could be stored for typical HeGD impinging energies of a few hundred eV, is larger by up to a factor of three for W, compared to C. However, more important, the stored He is more easily released from W, which could explain the observed behaviour.
The temporal behaviour after boronisation relates to the coating with boron and its sequential removal as confirmed by spectroscopic measurements of the W, B (see Sec. 5) and C influx (see [19] ). Although at first sight the He release is an unwanted property of W in a low duty cycle device as ASDEX Upgrade it will be an advantage in equilibrium, since large inventories will not build up.
Tungsten Influxes
As already pointed out earlier [16, 14, 21] , transport plays the major role in determining the W concentrations in the plasma. However, after having coated all poloidal low field side limiters with W it became evident that the beneficial influence on central particle transport from central ICRH could be overridden by the increased W influx leading to an equally radially enhanced W density. A similar be-haviour has been reported from the all-molybdenum device Alcator C-Mod when operating with Mo ICRH limiters [22, 23] . Therefore, special emphasis was put on the investigation of the W sources, especially during ICRH [24, 25] . an increase in the mean sheath potential in the range 1-100 V can be extracted [25] (∆Φ r f 10 V for the presented discharge 3) of the W profiles develops. A similar discharge without RF shows a peaking of 10 (see also [14] ). This means that due to the increase of the edge concentration the benefit for lower central concentra- In a density scan Y e f f could be lowered by a factor of 2 by increasing the gas puff rate by a similar factor. Different to the R aus -scan the reduction of the yield is also reflected in the W concentrations which decrease also by a factor of 2.
The influence of medium-Z impurities on the W-sputtering yield at the LFS limiters was demonstrated by the injection of trace amounts of argon (Γ Ar for ELM resolved measurements are presented in [25] . It is found that independently of the ELM energy the effective yield for W is increased during an ELM by a factor of 10 and that the total W flux is dominated by the sputtering during ELMs ( 70%). However due to the fact that the ELM energy is decreasing inversely to their frequency, this value is almost constant for type I ELMy H-Modes in ASDEX Upgrade.
Effect of boronisation
ASDEX Upgrade devotes a significant part of its program to the W investigations.
Part of this is the development of integrated scenarios, to demonstrate the operation in C free machine by using noble gas injection together with ELM pacemaking and central heating (see for example [26] ). But there are also several experiments, which intentionally use plasma parameters or/and heating scenarios that are not very compatible with the W PFCs. For this reason reason boronisations are regularly performed [20] , to access and to explore a large working space. Boronisations strongly reduce the impurity level in ASDEX Upgrade. Oxygen plays only a significant role shortly after a major vent [20] . In contrast, the content of medium-Z impurities such as Fe and Cu, which are also existent in the plasma (see for example [27] ), as well as W are strongly suppressed (1-2 orders of magnitude) under otherwise similar conditions.
The reduction of W-influxes and the temporal evolution of the boron coverage is especially evident in ICRH dominated discharges. This can be measured in identical discharges, which are run every day of operation. They are ohmic (I p
2¥ 0 T, so called ohmic standard discharge) except for a short pulse of 0.5 s of 1.8 MW ICRF heating at a target density of n e ¦ 3¥ 5 © 1 0 19 m¤ 3 . Fig.6 shows the W-influxes (Γ W ) and the effective yields (Γ W /Γ D ) at the ICRF limiters and guard limiters as well as W densities (n W ) versus number of discharges after a boronisation. For a fresh boronisation an H-Mode is achieved, which increases the plasma density considerably. For this reason n W is given instead of c W for easier comparison with the influxes. As can be deduced from the upper two parts of the figure, the effect of boronisation at the ICRF limiters is only very transient and equilibrium is reached already after 20 discharges. This observation is in line with estimates taking into account the measured hydrogen flux and an effective boron erosion yield below 1% at the ICRF limiter. For the guard limiters the time-constant is considerably larger reflecting the smaller particle and energy load. The W density recovery occurs on an intermediate timescale, suggesting that the ICRF limiters are not the only significant source during ICRF heating as already presented in Fig. 4 .
In order to exclude effects of boronisation on the investigation presented in Sec. 4, all analyzed discharges were taken at least 40 discharges after boronisation.
Further evidence for the long term evolution of the W concentration and other important plasma parameters after boronisation can be deduced from the comparison of #21031 (shown in Fig.3 , 45 discharges after boronisation) and the identical discharge #20982 ( 150 discharges after boronisation). In both cases the external gas puff, the plasma shape and the addition heating were set identical. In discharge #20982 the total radiation was higher by 30 % (4 MW) andn e was higher by 10%, which partly accounts for the higher radiation. When comparing the radiation profiles, which are hollow in both discharges, an overall increase of the radiation power density by a factor of 2 inside the normalised poloidal radius ρ pol ¦ 0¥ 8 is found. In contrast the stored energy was identical in both discharges and the effective B yield was lower by a factor of two. The tungsten effective yield was increased by about 50% and its edge and central concentration were larger by a factor of 3. These values demonstrate the further reduction of B coverage, which was already in #21031 close to equilibrium, and support the consistent picture that the observed limiters were already closer to equilibrium than other surfaces (see also [19] for timescales).
Additionally it suggests that the W radiation is not dominant for # 21031 because of the moderate increase of P rad for tripled c W .
Conclusion and Outlook
In the present campaign ASDEX Upgrade is equipped with an area of about 36 Investigations show that the storage and release of He from W surfaces is different from that from graphite. After adjusting our operating parameters, the He content, which originated from HeGDs could be reduced again to an acceptable level. Clear indications for the reduction of the carbon content are found during the last two years. The slow decrease of the C concentration can be explained by strong main chamber recycling. Additionally, it was found that the divertor carbon source contributes significantly to the core C content by leaking into the main chamber. This behaviour will be examined in more detail [19] , because it makes the use of CFC at the strikepoints of ITER even more questionable. A faster reduction of the C content in the plasma is expected as soon as the strikepoint region of the lower divertor is coated with W. The cryo-pump and the turbo-molecular pumps act as strong sink of hydrocarbons during the discharges. From the measured pumping rate of 6 © 1 0 18 at s¤ 1 [28] a rapid depletion of C can be expected after the elimination of primary sources especially, since a rather low C deposition is found already at present in the main chamber [18] . during ICRF+NBI and NBI only as a function of the total auxiliary heating power (P aux ).
Note that the influx from the limiters is measured whereas the one from the heat shield is only derived from the measured C influx using an effective sputtering yield of 0.01. 
